Background: KshA is a bacterial steroid-transforming oxygenase of biocatalytic interest and a virulence determinant in Mycobacterium tuberculosis. Results: Structures of KshA⅐steroid complexes were obtained for three homologs of different substrate specificity. Conclusion: Considerable structural flexibility contributes to the respective specificities of the different KshAs. Significance: This study provides insight into steroid catabolism and the conformational flexibility of Rieske oxygenases. KshA is the oxygenase component of 3-ketosteroid 9␣-hydroxylase, a Rieske oxygenase involved in the bacterial degradation of steroids. Consistent with its role in bile acid catabolism, KshA1 from Rhodococcus rhodochrous DSM43269 had the highest apparent specificity (k cat /K m ) for steroids with an isopropyl side chain at C17, such as 3-oxo-23,24-bisnorcholesta-1,4diene-22-oate (1,4-BNC). By contrast, the KshA5 homolog had the highest apparent specificity for substrates with no C17 side chain (k cat /K m >10 5 s ؊1 M ؊1 for 4-estrendione, 5␣-androstandione, and testosterone). Unexpectedly, substrates such as 4-androstene-3,17-dione (ADD) and 4-BNC displayed strong substrate inhibition (K iS ϳ100 M). By comparison, the cholesterol-degrading KshA Mtb from Mycobacterium tuberculosis had the highest specificity for CoA-thioesterified substrates. These specificities are consistent with differences in the catabolism of cholesterol and bile acids, respectively, in actinobacteria. X-ray crystallographic structures of the KshA Mtb ⅐ADD, KshA1⅐1,4-BNC-CoA, KshA5⅐ADD, and KshA5⅐1,4-BNC-CoA complexes revealed that the enzymes have very similar steroid-binding pockets with the substrate's C17 oriented toward the active site opening. Comparisons suggest Tyr-245 and Phe-297 are determinants of KshA1 specificity. All enzymes have a flexible 16-residue "mouth loop," which in some structures completely occluded the substrate-binding pocket from the bulk solvent. Remarkably, the catalytic iron and ␣-helices harboring its ligands were displaced up to 4.4 Å in the KshA5⅐substrate complexes as compared with substrate-free KshA, suggesting that Rieske oxygenases may have a dynamic nature similar to cytochrome P450.
Steroids are triterpenoids containing four fused cycloalkane rings. Although they are synthesized by eukaryotes for essential roles as hormones, membrane components, and emulsifiers (1), their mineralization is largely accomplished by bacteria. The aerobic catabolism of steroids by bacteria has been studied for the biocatalytic production of high value steroids (2, 3) and for its contribution to the pathogenicity of Mycobacterium tuberculosis (4) . Steroid catabolism is almost ubiquitous in mycolic acid-producing actinobacteria (5, 6) with some strains containing paralogous pathways responsible for catabolizing different steroids. For example, Rhodococcus jostii RHA1 contains four clusters of steroid catabolic genes, the first and third of which enable growth on cholesterol and cholate, respectively (5, 6) . Proteobacteria, such as Comamonas testosteroni TA441 (7) and Pseudomonas sp. strain Chol1 (8 -10) , catabolize steroids in a similar manner, although these strains appear to be unable to degrade sterols possessing a C17 alkyl side chain such as cholesterol.
Bacterial steroid catabolism appears to be organized according to three parts of the steroid molecule (11) as follows: the side chain at C17, rings A/B, and rings C/D, respectively. The side chain is degraded by a process similar to the ␤-oxidation of fatty acids involving CoA thioester intermediates (12) . Degradation of rings A/B involves 3-ketosteroid 9␣-hydroxylase (KshAB) (13, 14) , which leads to cleavage of ring B with concomitant aromatization of ring A to a phenol (Fig. 1) . The latter is converted to a catechol, which is subject to extradiol cleavage (15) . Rings C/D catabolism is poorly understood but appears to be encoded by the KstR2 regulon in Actinobacteria (11) . This pathway shows strain-and substrate-dependent differences. For example, side chain and rings A/B degradation occur concurrently to some extent in actinobacteria based on the higher apparent specificity (k cat /K m ) of KshA Mtb (where Mtb is M. tuberculosis) for substrates with a CoA-thioesterified side chain (16) , and the identification of a two-ringed metabolite with a partially degraded side chain and rings A/B, respectively, in the cholesterol-grown mutant of M. tuberculosis (17) . Similarly, during growth on cholate, RHA1 excretes metabolites that are partially degraded in both the side chain and rings A/B before reassimilating them to complete their catabolism. By contrast, side chain degradation appears to precede rings A/B degradation in Proteobacteria (7, 10) . The substrate specificities of key steroid-degrading enzymes such as KshAB should provide insight into the organization of steroid catabolic pathways.
KshAB is a two-component Rieske oxygenase (RO) 3 comprising an oxygenase (KshA) and a reductase (KshB) (14) . ROs catalyze a variety of oxidative reactions and have considerable biocatalytic potential (18) , although only a small fraction of their catalytic diversity has been explored (19) . An x-ray crystallographic structure of KshA Mtb solved to 2.3 Å revealed that KshA shares many features typical of ROs (13) . Accordingly, KshA contains metallocenters in each of two domains as follows: the N-terminal domain harbors a Rieske [2Fe-2S] cluster coordinated by two cysteines and two histidines, and the larger C-terminal domain harbors the mononuclear iron that is coordinated by a 2-His-1-carboxylate facial triad and orchestrates the oxidative chemistry. The three KshA subunits are arranged in a head-to-tail fashion such that the [2Fe-2S] cluster and the mononuclear iron of adjoining subunits are 12 Å apart. Histidine ligands from adjacent metallocenters are bridged by a conserved aspartate that appears to mediate redox-dependent conformational changes during the RO catalytic cycle (20) . Remarkably, the substrate access channel of KshA is angled at ϳ90°with respect to that of other ROs characterized to date and is significantly longer (ϳ28 Å) as measured from the mononuclear iron to the surface of the protein (19) . The channel entrance of KshA is located between the C terminus of helix ␣5 and the "mouth loop," which connects strands ␤14 and ␤15.
Helix ␣5 is the longest helix in ROs and harbors the carboxylate ligand of the mononuclear iron. By contrast, in 2-oxoquinoline 8-monooxygenase (OMO) (21) , carbazole 1,9a-dioxygenase (CARDO) (22) , and naphthalene dioxygenase (23) , the channel entrance occurs between helix ␣4 (KshA numbering), containing a histidine ligand of the iron, and strand ␤13, the first of the central ␤-sheet. The different substrate access channel of KshA appears to be necessary to allow proper orientation of the large steroid substrate, including CoA thioesters, within its binding pocket (16) . A better understanding of KshAs and other ROs will facilitate their engineering for biocatalytic applications.
Characterization of KshA has focused largely on the homolog from the cholesterol catabolic pathway due to its role in the virulence of M. tuberculosis (4) . However, KshAs from environmental bacteria have different substrate preferences as exemplified by the five homologs of Rhodococcus rhodochrous DSM43269, KshA1 to A5 (24) . KshA1 had a marked preference for substrates with a carboxylate side chain at C17, whereas KshA5 transformed a broader range of steroid substrates. KshA1 was assigned to cholate catabolism based on the enzyme's substrate preference, the up-regulation of kshA1 during growth of DSM43269 on cholate, and the ability of kshA1 to restore growth of a kshA null mutant on cholate. Moreover, KshA1 is the reciprocal best hit (72% amino acid sequence identity) with the RHA1 homolog encoded by the cholate catabolic cluster (6) . By contrast, the physiological role of KshA5 is unknown (24) . Expression of kshA5 was induced by a range of steroids as follows: cholesterol, cholate, progesterone, and 4-androstene-3,17-dione. Moreover, a DSM43269 mutant containing only kshA5 (i.e. disrupted in each of the kshA1 to kshA4) grew on each of these four steroids (24) . It is unclear how KshA5 is able to effectively transform such a broad range of ketosteroids.
To better characterize ketosteroid hydroxylases, we investigated the substrate specificity of KshA1 and KshA5 from DSM43269 as well as substrate-bound structures of KshA1, KshA5, and KshA Mtb . Steady-state kinetic parameters of KshA1 and KshA5 for each of seven steroid substrates, including 3-oxo-23,24-bisnor-cholesta-1,4-diene-22-oyl CoA (1,4-BNC-CoA), were determined, and the coupling of O 2 consumption with substrate hydroxylation was investigated. X-ray crystallographic structures of substrate-free KshA5 and the following complexes were solved: KshA1⅐1,4-BNC-CoA, KshA5⅐ ADD, KshA5⅐1,4-BNC-CoA, and KshA Mtb ⅐ADD. The findings are discussed with respect to the structural determinants of substrate specificity, the mechanism of ROs, and the different steroid catabolic pathways.
MATERIALS AND METHODS
Chemicals and Reagents-All reagents were at least analytical grade unless otherwise noted. 4-Estren-3,17-dione, testosterone, ADD, 3-oxo-23,24-bisnorchol-4-en-22-oic acid (4-BNC), and 5␣-androstan-3,17-dione were purchased from Steraloids, Inc. (Newport, RI). Steroids contained Ͻ5% impurities as judged by HPLC and GC-MS. 1,4-BNC and its CoA thioester were enzymatically produced using CasI and KstD as described previously (16) . Restriction enzymes and the Expand high fidelity PCR system were purchased from New England Biolabs (Ipswich, MA) and Roche Applied Science, respectively. Water for buffers was purified using a Barnstead Nanopure Diamond TM system (Dubuque, IA) to a resistance of at least 18 megohms.
DNA Manipulation-To produce proteins with N-terminal affinity tags, kshA1 (24), kshA5, and Rv3526 (13) were subcloned into pT7HP20 using standard protocols (25) . The sequences of the oligonucleotides used to amplify the kshA genes were as follows: 5Ј-TGAGCTAGCAGCCTCGCACTT-CCGAACAATC-3Ј and 5Ј-ACTAAGCTTCTAGCCCGCGG-TGGTGGACTG-3Ј for kshA1; 5Ј-CTTGCTAGCTCCATCG-ACACCGCACGGTC-3Ј and 5Ј-ACTAAGCTTCTAGGGGG-TCGCGGTGGAGC-3Ј for kshA5; and 5Ј-TAAGCTAGCAG-TACCGACACGAGTGGGGTCG-3Ј and 5Ј-ATCAAGCTTT-CAGTGTTGCTCGGCGGGC-3Ј for Rv3526. This minimized the extra amino acids remaining after proteolytic removal of the tag. The nucleotide sequences of kshA1, kshA5, and Rv3526 in the resulting constructs, pT7KA1, pT7KA5, and pT7KAMtb, were confirmed.
Protein Production and Purification-KshA was heterologously produced using Escherichia coli GJ1158 containing either pT7KA1, pT7KA5, or pT7KAMtb essentially as described (26) . One liter of low-salt Luria broth was inoculated with 3 ml of an overnight culture and was incubated at 25°C. When the culture reached an A 600 of 0.5, kshA expression was induced by adding 50 ml of 5 M NaCl. The culture was incubated a further 18 h at 25°C and then harvested by centrifugation. Cell pellets were washed twice with 20 mM sodium phosphate, 5% glycerol, pH 8.0, and frozen at Ϫ80°C until use.
A cell pellet from 3 liters of culture was suspended to a final volume of 60 ml in 20 mM sodium phosphate, pH 7.4, contain-ing 300 mM NaCl and 20 mM imidazole. A small amount of DNase I (ϳ0.5 mg) was added, and the cells were lysed using an Emulsiflex-05 homogenizer (Avestin, Ottawa, Canada) operated at 10,000 p.s.i. Cell debris was removed by centrifugation (10,000 ϫ g for 45 min), and the amber-colored supernatant was transferred to a Wheaton bottle. Subsequent steps were performed anaerobically essentially as described previously for KshA Mtb (13) . The solution was filtered and loaded onto a nickel-Sepharose (Qiagen) column (1.8 ϫ 4 cm). Protein was eluted using an imidazole step gradient. A brown fraction containing KshA was eluted using 20 mM sodium phosphate, pH 7.4, containing 300 mM NaCl and 300 mM imidazole. The protein was exchanged into 50 mM Tris, pH 7.5, 100 mM NaCl, and 1 mM CaCl 2 and concentrated to ϳ5 ml using a stirred cell concentrator equipped with a YM30 membrane (Amicon, Oakville, Ontario, Canada). For KshA1 and KshA Mtb , Factor Xa (HTI, Essex Junction, VT) was added to a molar ratio of ϳ1:750 Factor Xa/KshA and incubated overnight at room temperature. For KshA5, a molar ratio of 1:500 was used, and the cleavage buffer contained 0.25 M urea. The cleaved protein was loaded onto an anion-exchange resin (1 ϫ 10 cm; Source TM 15Q (GE Healthcare)) equilibrated with 25 mM HEPES, pH 7.5, 5% glycerol, 1 mM DTT, and 0.25 mM ferrous ammonium sulfate (buffer A). The protein was eluted using a 30-ml linear gradient from 150 to 300 mM NaCl. Brown-colored fractions eluting at ϳ200 mM NaCl were combined, exchanged into buffer A, concentrated to 25 mg/ml, flash frozen as beads in liquid N 2 , and stored at Ϫ80°C. KshB was produced and purified as described previously (13) .
Analytical Methods-Protein concentration was determined using the Micro BCA TM protein assay kit (Pierce) using bovine serum albumin as a standard. UV-visible spectra were recorded using a Cary 60 spectrophotometer. The extinction coefficients of the ferrocyanide-oxidized enzymes were ⑀ 324 ϭ 19.6 mM Ϫ1 cm Ϫ1 for KshA1, ⑀ 324 ϭ 15.9 mM Ϫ 1 cm Ϫ1 for KshA5, and ⑀ 324 ϭ 24.8 mM Ϫ1 cm Ϫ1 for KshA Mtb . Acid-labile sulfur and iron content of samples were determined as described previously (13) . Gas chromatography-coupled mass spectrometry (GC-MS) was performed using an HP 6890 series GC system fitted with an HP-5MS 30-m ϫ 250-m column (Hewlett-Packard) and an HP 5973 mass-selective detector.
Steady-state Kinetic Analysis-Spectrophotometric assays were performed in 1 ml of potassium phosphate (I ϭ 100 mM, pH 7.0) at 22°C. Initial reaction velocities were measured by monitoring NADH oxidation at 339 nm (⑀ 339 ϭ 6.22 mM Ϫ1 cm Ϫ1 ). Reaction mixtures containing 0.12-0.16 M KshA, 1.6 M KshB, and 100 M NADH were equilibrated for 3 min before the reaction was initiated by adding the steroid substrate. Solutions were prepared fresh daily. KshA was thawed, exchanged anaerobically into 100 mM potassium phosphate, pH 7.5, using gel filtration, and stored in a sealed vial on ice. Aliquots were withdrawn using a gas-tight syringe. The steadystate kinetic parameters for O 2 were determined as described previously (13) using 4-BNC with KshA1. Steady-state kinetic parameters were evaluated by fitting either the Michaelis-Menten equation or the equivalent describing a mechanism in which substrate inhibition occurs (Equation 1) to the data using the program LEONORA (27) . HPLC Analysis-Substrates and products were analyzed using a Waters 2695 Separations HPLC module equipped with a Waters 2996 photodiode array detector and a 250 ϫ 4.60-mm C18 Aqua 5 ODS-Prep column (Phenomenex, Torrance, CA). Reactions were quenched by adding acetic acid to a concentration of 5% and centrifuged to remove precipitated protein. Filtered reaction mixture (70 l) was injected onto the column equilibrated with 36% MeOH in water and 0.5% phosphoric acid and eluted with a flow rate of 0.9 ml/min using a gradient of methanol from 36 to 90% over 14 min. For coupling assays, standard assay conditions were used, and NADH was monitored spectrophotometrically. Steroid substrate turnover was assessed using integrated peak areas (243 nm for 4-BNC and 244 nm for ADD) and standard curves for each substrate. L-Phenylalanine was used as an internal standard.
Crystallization-Crystals of KshA were grown aerobically at room temperature (21°C) using the hanging drop vapor diffusion method. KshA Mtb was crystallized in complex with ADD using 500 mM NaH 2 PO 4 , 125 mM K 2 HPO 4 , 4% PEG-1000, 20 mM Tris, 100 mM phosphate-citrate, pH 4.2. Crystals were cryoprotected with mother liquor supplemented with 20 -30% glycerol and flash-frozen in liquid nitrogen prior to data collection.
X-ray Data Collection and Structure Determination-X-ray data were collected at the Canadian Light Source (Beamlines 08ID-1 and 08B1-1). Data were integrated with MOSFLM (28) and scaled and merged with AIMLESS (29), and initial resolution cutoffs were assessed according to CC1/2. Structures were solved by molecular replacement using the program PHASER (30) . Models were built using BUCCANEER (31) as implemented in CCP4 (32) and refined using REFMAC (33) . Ligands were built using PRODRG (34) and modeled into the density in the later stages of refinement. Models were submitted to the PDB_REDO server (35) for final refinement, and the final high resolution limit was assessed using paired refinement. Final models were validated using Molprobity (36) . All structures were in the 99th percentile for Molprobity score. Electron density maps for figures were calculated using the FFT program of CCP4. The coordinates and data were deposited at the Protein Data Bank with accession codes 4QCK (KshA Mtb :ADD), 4QDF (KshA5/KshA1), 4QDC (KshA5:ADD), and 4QDD (KshA5:1,4-BNC-CoA).
RESULTS
Purification of KshA-KshA1, KshA5, and KshA Mtb were purified anaerobically due to their O 2 lability (13, 37) to a yield of 10 -40 mg/liter of culture. KshA1 preparations contained 1.7 Ϯ 0.3 mol of sulfur and 3.9 Ϯ 0.2 mol of iron per protomer, although those of KshA5 contained 1.7 Ϯ 0.2 mol of sulfur and 3.8 Ϯ 0.4 mol of iron per protomer. Interestingly, dialysis of KshA preparations against EDTA did not lower the iron content. Oxidized preparations had absorption maxima at 455 and 280 nm with a shoulder at 324 nm. The R value of KshA1 (A 280 / A 324 ) was 6.1, and the specific activity of the preparation was 0.36 Ϯ 0.02 mol min Ϫ1 mg Ϫ1 using 50 M ADD (0.1 M potassium phosphate, pH 7.0, 22°C). This compares with 0.75 mol min Ϫ1 mg Ϫ1 reported for a mixed preparation of KshA1 and KshB and 200 M ADD (50 mM Tris-HCl, pH 7.0, 22°C) (24) . The R value of KshA5 was 7.4, and the specific activity was 0.15 Ϯ 0.02 mol min Ϫ1 mg Ϫ1 using 50 M ADD (0.1 M potassium phosphate, pH 7.0, 22°C). This compares with 0.073 mol min Ϫ1 mg Ϫ1 reported for a mixed preparation of KshA5 and KshB using 200 M ADD (50 mM Tris-HCl, pH 7.0, 22°C) (24) . The specific activity, R value and iron and sulfur content of the KshA Mtb preparation were similar to reported values (13) .
Reaction Products and Coupling-KshA1 transformed ADD to a single product detected by GC-MS and HPLC. Similarly, KshA5 transformed ADD and 4-estren-3,17-dione to single products. For both enzymes, the ADD transformation product had the same GC retention time and mass spectrum as 3hydroxy-9,10-seconandrost-1,2,5(10)-triene-9,17-dione (13) . Using HPLC to measure steroid depletion and a spectrophotometer to monitor NADH oxidation, the KshA1-catalyzed hydroxylations of ADD and 4-BNC as well as the KshA5-catalyzed hydroxylations of ADD and 4-estren-3,17-dione were well coupled to NADH consumption at several substrate concentrations (Table 1) . Moreover, the addition of catalase to reactions monitored using a Clark-type oxygen electrode did not detectably alter the rate of O 2 consumption, indicating that H 2 O 2 was not produced in significant amounts during steroid turnover. Finally, the reaction velocity was observed to reach zero when the amount of NADH consumed corresponded to the amount of steroid added. These data demonstrate that NADH oxidation and O 2 consumption are well coupled to steroid hydroxylation in these KshAs and that the rate of steroid hydroxylation can be accurately measured by monitoring NADH or O 2 consumption. Steady-state Kinetic Analysis-For six steroid substrates ( Fig.  2 ), KshA1 displayed Michaelis-Menten kinetics ( Fig. 3) . A seventh substrate, 5␣-androstan-3,17-dione, was not detectably transformed. KshA1 had the highest apparent specificity (k cat / K m ) for steroids possessing an isopropionyl side chain at C17 (Table 2) , consistent with the enzyme's previously reported substrate preference. For example, the apparent k cat /K m values for 4-BNC was 3 orders of magnitude higher than for 4-estren-3,17-dione. KshA1's low specificity for 1,4-BNC-CoA is interesting inasmuch as such CoA thioesters are produced during steroid side chain degradation. Indeed, the apparent k cat /K m value of KshA Mtb for 1,4-BNC-CoA was 45 times higher than for 1,4-BNC (16) . In contrast to the variation in the apparent k cat /K m values, the apparent k cat values of KshA1 varied by only 5-fold.
KshA5 displayed Michaelis-Menten kinetics with three 3-ketosteroid substrates and substrate inhibition with four ( Fig. 3 and Table 2 ). For ADD, the inhibition was too strong to permit determination of an apparent K m value (i.e. K s ). Consistent with reversible substrate inhibition, ADD did not inactivate KshA5 when incubated with the enzyme, and at low concentrations of ADD, an increase in the steady-state reaction velocity was observed as ADD was consumed ( Fig. 4 ). Despite the different behavior of KshA5 with the ketosteroids, the apparent k cat values for the different substrates were remarkably similar. KshA5 had similar apparent specificity for three of the ketosteroids (k cat /K m ϳ10 6 M Ϫ1 s Ϫ1 ) as follows: 4-estren-3,17-dione, testosterone, and 1,4-BNC. This value was about 300-fold higher than the enzyme's apparent specificity for 1,4-BNC-CoA, the poorest of the tested substrates.
The ability of KshA1 and KshA5 to utilize O 2 was investigated in the presence of saturating amounts of 4-BNC and 4-estren-3,17-dione, respectively ( Fig. 3 and Table 2 ). The latter was used because inhibition was not observed in the presence of this steroid ( Fig. 3 and Table 2 ). The apparent K m, O2 value of KshA1 was over an order of magnitude lower than the values for KshA5 and KshA Mtb (16) . Similarly, the apparent k cat /K m, O2 value was 30 -60 times that of KshA Mtb and KshA5.
Structural Determination-To investigate the structural basis of catalysis and specificity in KshA, we determined structures of the enzymes in complex with substrates. Crystals of KshA Mtb ⅐ADD belonged to space group P3 2 and diffracted x-rays to ϳ2.5 Å. The structure was solved by molecular replacement using substrate-free KshA Mtb as a search model (PDB 2ZYL). Crystals grown in a mixture of KshA1, KshA5, and 1,4-BNC-CoA diffracted to ϳ2.5 Å had space group F23 and two protomers in the asymmetric unit. The electron density clearly resembled that of the sequences of KshA1 for one protomer and KshA5 for the second. Both were modeled using KshA Mtb for molecular replacement. Side chains were removed before further refinement and rebuilt into the density using the amino acid sequence of each homolog. Inspection of the crystallographic symmetry revealed that each homolog is arranged in the ␣ 3 structure typical of ROs to provide independent KshA1 and KshA5 trimers, and in turn, four trimers form a higher order structure described by the crystal symmetry ( Fig. 5 ). The sole point of contact between the respective KshA1 and KshA5 protomers is at the C-terminal helix with 3 Å between Gln-372 of KshA5 and Thr-359 of KshA1. Otherwise, the protomers do not approach within 3.5 Å. Superposition of KshA Mtb with either protomer revealed similar positioning of the backbones and many residues at the interface between KshA1 and KshA5, indicating that the crystal packing does not significantly impact the structures. KshA5 exhibited no substrate in its active site and a closed active site mouth loop (discussed below). Crystals of KshA5⅐ADD belonged to space group P6 3 and diffracted to ϳ1.9 Å. The structure was again solved by molecular replacement using KshA Mtb . Finally, crystals of KshA5⅐1,4-BNC-CoA belonged to space group P6 3 and diffracted to 2.6 Å. The structure was solved by molecular replacement using KshA5⅐ADD as a search model. Data collection and refinement statistics are listed in Table 3 .
KshA Mtb ⅐ADD Complex-The final model of the complex contains residues 14 -375 except for residues 216 -222 of the mouth loop. The model also contains the Rieske cluster, the mononuclear iron, and 201 waters. All major structural features are very similar to those of KshA Mtb (13) as follows: the superimposed models had an r.m.s.d. of 0.20 Å over 319 C␣ atoms, with residues of the Rieske center and active site pocket positioned nearly identically in the two structures. Indeed, the maximum distance between C␣ was 0.2 Å, and most active site side chain atoms were within 0.5 Å. Electron density was insufficient for placement of residues 216 -222, whereas residues 283-284 Similarly, the only side chain that could be reliably positioned differently was Asp-178 at the subunit interface as discussed below. 
TABLE 2 Apparent steady-state kinetic parameters of KshA1 and KshA5
Assays were performed using potassium phosphate (I ϭ 0.1 M, pH 7.0) at 22°C containing 100 M NADH (ϳ260 M O 2 ). Errors in parentheses were calculated from the weighted mean of the error in the enzyme concentration, and the standard errors in the parameters were estimated using LEONORA.
Substrate

KshA1
KshA5 Electron density in the active site was modeled well with ADD at 100% occupancy with little residual density and B-factors similar to those of the surrounding protein atoms (Fig. 6A) . The substrate is positioned such that C9 of the steroid is closest to the mononuclear iron at a distance of 3.9 Å, and the C17 oxo is oriented toward the solvent. The substrate is cradled by the ␤-sheet composed of strands ␤12 to ␤19, with most of the first shell residues provided by strands ␤15 and ␤16 (Fig. 7) . Above this sheet, the pocket is bound on one side by helix ␣5, which runs transverse to the ␤-strands and harbors iron ligand Asp-304 at its C terminus, and helix ␣4, which harbors the iron ligands His-181 and His-186. The substrate's C3 oxo is hydrogen bonded to a water at 2.9 Å, which is similarly positioned in the substrate-free structure and is in turn hydrogen bonded to the hydroxyl of Tyr-232 (2.5 Å) and the backbone carbonyl of Ile-172 (2.7 Å). The 15-residue loop between strands ␤14 and ␤15, which partly seals off the pocket in the substrate-free structure, is disordered in the ADD-bound structure. It is possible that this loop has multiple conformations in the presence of ADD. More importantly, the pocket of KshA Mtb ⅐ADD would easily accommodate the CoA thioester as modeled in KshA Mtb (13) .
The catalytic iron had a B-factor of 70 Å 2 when modeled at full occupancy, approximately twice those of the adjacent protein atoms. The significance of this is unclear and may indicate some flexibility in the iron's positioning. Density adjacent to the iron was clearly that of a single atom and modeled well as a water at 2.6 Å. The mononuclear iron is coordinated by His-181, His-186, Asp-304 (bidentate), and an exogenous ligand in a five-coordinate distorted tetragonal geometry. Although this is similar to the coordination sphere of the substrate-free KshA Mtb (13) , the exogenous ligand is shifted ϳ1.5 Å away from the presumed O 2 -binding site in KshA Mtb ⅐ADD, and the metalligand bond length is slightly longer. The presumed coordination site for O 2 is trans to His-181. Beyond the coordination sphere, Asp-178, which bridges His-181 and FeS cluster ligand His-89, is rotated 135°around its C␣-C␤ bond (Fig. 8) . Electron density resembling a steroid nucleus with a C17 extension of several atoms was observed in the active site. This was modeled using 1,4-BNC and the first six atoms of the CoA (Fig. 6B) . The occupancy of the substrate was lowered to 75% to match the B-factors of the surrounding protein atoms (30 -50 Å 2 ). The lack of obvious electron density for the remaining portion of the CoA may be due to its flexibility, although it is also possible that some degradation occurred during crystallization. The mononuclear iron was refined at 100% occupancy, yielding a B-factor of 55 Å 2 . Density adjacent to the iron corresponded to that of a single atom, and modeled well as a fully occupied water at 1.8 Å.
The active site of KshA1⅐1,4-BNC-CoA is remarkably similar to that of KshA Mtb ⅐ADD. The similarity of the five-coordinate mononuclear iron is highlighted in Table 4 . The similarity extends to the conserved solvent species and its hydrogen bonding network at the C3 oxo, the residues that contact the 4-ringed nucleus, as well as the positioning of the steroid substrate, with C17 oriented toward the solvent (Fig. 7) . The latter are conserved in the two enzymes except for Asp-241 (Asn-240 in KshA Mtb ) and Ile-176 (Val-176 in KshA Mtb ). Nevertheless, steroid rings C and D lie closer to the ␤-sheet in the KshA1⅐1,4-BNC-CoA structure, such that C17 is 1.6 Å closer to helix ␣5 in KshA Mtb ⅐ADD. This is consistent with the main structural differences in the complexes occurring at the opening of the substrate-binding pocket, where Asn-208, Leu-226, Asn-244, and Gly-296 of KshA Mtb are Gly-208, Ser-227, Tyr-245, and Phe-297, respectively, in KshA1. Of the latter, the hydroxyl of Tyr-245 is within 2.4 Å of the 1,4-BNC-CoA C-22 carbonyl and could interact with the carboxylates of 4-BNC and 1,4-BNC, the preferred substrate of KshA1.
Strikingly, the substrate binding pocket of KshA Mtb is longer and more solvent-accessible than that of KshA1 despite the smaller substrate in the former's active site. This is due in part to Phe-297, located on helix ␣5, which occludes the pocket in KshA1. The corresponding residue in KshA Mtb , Gly-296, opens the pocket along the length of the helix, presumably to accommodate the CoA moiety of the preferred substrate.
KshA5 Overall Structure-The KshA5 structure was obtained from the KshA1⅐KshA5 co-crystal and is described as substratefree because no significant electron density was observed in the active site. The refined model includes residues 25-384, the [2Fe-2S] cluster, the mononuclear iron, and 201 waters. All major features of KshA Mtb and KshA1 are conserved, including the nine ␣-helices and 19 ␤-strands. Indeed, the substratebinding residues within the active site pocket are positioned nearly identically. The active site iron is fully occupied in KshA5, as evidenced by similar B-factors in surrounding atoms. Moreover, the metal ion's coordination sphere is similar to that observed in KshA Mtb with distorted octahedral geometry by 
where F o and F c represent the observed and calculated structure factors, respectively. d Rfree is the Rwork value for 5% of the reflections excluded from the refinement. His-187, His-192, Asp-311 (bidentate), and a solvent species (Fig. 6C) . Additional positive density within the substrate pocket was modeled as water molecules.
Structural alignment of KshA5 to KshA Mtb revealed that nearly all of the backbone is positioned similarly between the two enzymes (r.m.s.d. 0.44 Å) with the exception of the mouth loop positioned at the entrance of the substrate-binding pocket. This loop is one residue longer in KshA5 (residues 216 -231, inclusive) than in KshA Mtb , and the electron density is better defined (C␣ B-factors of 50 -70 Å 2 versus Ͼ100 Å 2 ). In KshA5, the loop occludes the substrate-binding pocket from the solvent (Fig. 9A ), in part due to the positioning of Tyr-226, although in KshA Mtb it is positioned away from the active site opening.
KshA5⅐ADD Complex-The refined model of the complex includes residues 15-383. ADD fits well to the electron density in the active site with B-factors of ϳ20 Å 2 (Fig. 6D) . The overall KshA5⅐ADD structure is similar to that in the absence of substrate (r.m.s.d. 0.88 Å), as is the coordination sphere of the mononuclear iron. However, KshA5⅐ADD differs strikingly from the substrate-free KshA5 structure in a few well defined regions (Fig. 10) . First, to accommodate the bound substrate, the mouth loop adopts a significantly different conformation with some residues shifted up to 11 Å in KshA5⅐ADD, although the loop still closes over the substrate channel (B-values of 30 -40 Å 2 for C␣). Notably, Tyr-226, displaced by ADD from the substrate-binding site, shifts more than 8 Å, packing against Ile-258 and hydrogen bonding with Thr-260. Interestingly, comparison with the substrate-free structure reveals that, in the presence of ADD, the aromatic side chain of Tyr-226 occupies the same position as the side chain of Phe-300 in the absence of substrate (Fig. 9B ). Furthermore, Tyr-226 is able to insert into the pocket previously occupied by Phe-300 due to the displacement of helix ␣5 (ϳ4.5 Å shift (Fig. 11) ), with Phe-300 now projecting toward the substrate-binding pocket and forming a direct contact with ADD. Strikingly, helix ␣5 also harbors Asp-311, one of the mononuclear iron ligands, and this helix displacement results in the iron being shifted 3.3 Å away from the substrate-binding pocket. The remaining iron ligands (His-187 and His-192) on helix ␣4 also move to maintain the metal coordination, and the side chain of Asn-181 is rotated 50°a round C␤ to remain within 4 Å of the mononuclear iron. Because the helices are displaced orthogonally to the [2Fe-2S] cluster (i.e. helix ␣5 is displaced in the direction of its C terminus and slightly toward the Rieske domain), the distance between the metallocenters is not significantly different in the presence of ADD (ϳ12.5 Å). Finally, although the mouth loop changes and the helix displacement appear to be concerted, in neither the KshA5 nor the KshA5⅐ADD structures does the conformation of the mouth loop allow entry or egress of the substrate. Despite these dramatic shifts, ADD is bound in the same manner as the steroid substrates in the KshA1⅐1,4-BNC-CoA and KshA Mtb ⅐ADD complexes (Fig. 7) . Thus, the C17 oxo is oriented toward the solvent, and all residues that interact with the steroid nucleus are conserved. These include Val-182, Gln-210, Met-245, Phe-308, and Trp-315 as well as Tyr-239, which interacts with the 3-oxo via a water. One difference is Asp-247, which is Asn in KshA1 and KshA Mtb . The above-described shift in the mononuclear iron in KshA5⅐ADD leaves the site of hydroxylation of ADD, C9, 6.4 Å from the mononuclear iron with an intervening water molecule. Indeed, three ADD carbon atoms are closer to the metal ion as follows: C2, C1, and C11 are 5.3, 5.4, and 6.2 Å away, respectively (Fig. 6D) . In contrast, C9 is the steroid carbon atom closest to the iron in the KshA1⅐1,4-BNC-CoA and KshA Mtb ⅐ADD complexes (ϳ4 Å; Fig. 6 ). Finally, the configuration of Asp-184, which bridges the metallocenters, is similar to that seen in KshA1⅐1,4-BNC-CoA and KshA Mtb ⅐ADD.
KshA5⅐1,4-BNC-CoA Complex-The refined model of the complex contains residues 15-383 and 23 waters but is missing three residues of the mouth loop (223-225). Additional electron density in the active site was fit with the steroid nucleus of 1,4-BNC-CoA and the first eight atoms of the CoA moiety (B-factors ϳ60 Å 2 ; Fig. 6E ). Superpositioning reveals that the model is more similar to KshA5⅐ADD (r.m.s.d. 0.47) than KshA5 (r.m.s.d. 0.78). This reflects the similar positioning of the displaced ␣-helices and the catalytic metallocenter in the structures of the enzyme⅐substrate complexes (Fig. 10) . In KshA5⅐1,4-BNC-CoA, C9 of the substrate is 5.8 Å from the mononuclear iron. Similar to KshA5⅐ADD, C1, C2, C11, and C12 are closer to the iron. The mouth loop is less well defined in KshA5⅐1,4-BNC-CoA, with no defined electron density for residues 223-225 and B-factors of 100 Å 2 for the C␣ of residues 222 and 227. Nevertheless, it is clear that the loop does not close over the substrate-binding pocket (Fig. 9C ) as in the other KshA5 structures and is displaced farther from the active site than in KshA5⅐ADD. This conformation is similar to that observed in KshA Mtb ⅐ADD and appears to be due in part to the CoA moiety. Thus, the first eight atoms of the CoA moiety have clear electron density that exits the substrate pocket beside residue Phe-300 of helix ␣5.
Sequences of Cholesterol-and Cholate-degrading KshAs-An alignment of KshA sequences to a template based on the crystallographic structures of KshA1, KshA5, and KshA Mtb indicates that Tyr-245 and Phe-297 are conserved in predicted actinobacterial cholate-degrading orthologs, such as KshA3 from R. jostii RHA1 (6) and a KshA from Thermomonospora curvata (Tcur_3509). In Nocardia farcinica Nfa33560, the Tyr is also conserved, and Phe is substituted with Trp. Genome analyses revealed that the genes encoding these predicted cholate-degrading enzymes cluster with known bile acid catabolic genes such as casG and casI (11) . By contrast, the known cholesteroldegrading orthologs, such as KshA from R. jostii RHA1 (5), KshA from Gordonia sp. KTR9 (38) , and KshA3 from DSM43269, have smaller residues in place of Tyr-245 and Phe-297. Finally, these residues are not conserved in KshAs from bile acid-degrading Proteobacteria (7, 8) .
DISCUSSION
This study provide insight into the structural basis of the substrate specificity of ketosteroid-transforming ROs. The steady-state kinetic studies corroborate and extend previous studies of KshA1 that has been implicated in bile acid catabolism based on substrate preference (24) , gene deletion studies, and phylogenetic analysis (39) . These studies further establish KshA5's broad substrate specificity for short side chain steroids and, unexpectedly, its strong substrate inhibition. This specificity is borne out by the structural studies showing that the three enzymes bind the steroid very similarly but that KshA Mtb has a larger pocket that can accommodate a substrate with a longer side chain. Finally, the remarkable conformational flexibility observed in KshA5 may contribute to the enzyme's broad specificity and has important implications for the catalytic cycle of ROs.
Implication of KshA Specificity for Steroid Catabolism-Importantly, KshA1 does not possess the increased apparent specificity (k cat /K m ) for CoA thioesters such as KshA Mtb despite the involvement of both enzymes in catabolizing steroids with C17 side chains. The different apparent specificities are intriguing considering the following: (a) cholesterol catabolism in M. tuberculosis (16) and RHA1 and cholate catabolism in RHA1 (40) all involve concurrent side chain and rings A/B degradation; and (b) side chain degradation involves CoA thioesters. The specificities of KshA1 for 4-BNC and 1,4-BNC are consistent with concurrent side chain and rings A/B degradation in cholate catabolism by DSM43269, i.e. the low specificity of KshA1 for steroids lacking a C17 side chain such as ADD indicates that ring B is likely opened before complete catabolism of the side chain. This specificity further suggests that not all intracellular side chain degradation catabolites are CoA thioesters and thus that cholate and cholesterol catabolism are organized differently. This is consistent with the occurrence of metabolites such as 3,7(R),12(S)-trihydroxy-9-oxo-9,10-seco-23,24-bisnorchola-1,3,5(10)-trien-22-oate in the culture supernatant of R. jostii RHA1 growing on cholate (40) and may reflect the toxicity of cholate metabolites.
The greater specificity (k cat /K m ) of KshA5 for substrates with shorter C17 side chains and the strong substrate inhibition by ADD apparently contradict the conclusion that KshA5 is involved in the catabolism of a range of steroids (24) . However, KshA5 turned over steroids at similar maximal rates, consistent with the reported activities determined at single substrate concentrations (24) . Indeed, the steady-state kinetic parameters only appear to rule out 1,4-BNC-CoA as a physiological substrate for KshA5 despite the strong substrate inhibition for other steroids. Even ADD, for which a k cat /K m value could not be determined, is turned over efficiently at very low concentrations. More particularly, the apparent k cat /K m values of KshA5 for various steroids are within those of ROs for their physiological substrate, which range from 0.036 ϫ 10 6 M Ϫ1 s Ϫ1 (aminopyrrolnitrin oxygenase) to 2.4 ϫ 10 6 M Ϫ1 s Ϫ1 (BPDO LB400 ) (41, 42) . Overall, the steady-state kinetic data are consistent with the proposal that KshA5 is involved in degrading a range of steroids.
The ability of KshA5 to support the growth of a rhodococcal strain on cholesterol (24) is unexpected given the enzyme's very low k cat /K m value for 1,4-BNC-CoA. In the cholesterol catabolic pathways examined to date, ring A/B and side chain degradation occur concurrently, with KshA acting on a CoA thioester substrate (16, 17) . It is possible that such concurrent degradation is more efficient but not obligate and that KshA5 acts on a side chain-degraded cholesterol catabolite. Further studies are required to determine the precise role of KshA5 in steroid catabolism.
The significance of KshA1's low apparent K m, O2 value is not clear. This value is over an order of magnitude lower than that of KshA Mtb (90 M in the presence of 1,4-BNC-CoA (16)) and KshA5. Moreover, it is one of the lowest K m, O2 values reported for an RO, comparable with that of toluate dioxygenase measured in the presence of p-toluate (8.4 M (43)). The low apparent K m, O2 would allow KshA1 to turnover substrate at significant rates at low O 2 concentrations, as might occur in the natural soil environment of rhodococci. Nevertheless, the different ability of the paralogs to utilize O 2 is striking and may be related to the different physiological roles of these enzymes.
Specificity Determinants-The structural and sequence analyses identify Tyr-245 and Phe-297 as determinants of substrate specificity in actinobacterial cholate-degrading KshAs. The residues that interact with the steroid nucleus are remarkably conserved in cholesterol-and cholate-degrading enzymes despite the 7-and 12-hydroxyl groups of cholate (Fig. 1) . These hydroxyls interact with Gln-204, Ser-229, and His-186 in docking experiments (results not shown), residues that are conserved in KshA Mtb and KshA5. This may reflect the role of KshA1 and its homologs in degrading bile acids that are not hydroxylated at these positions, such as lithocholate. Finally, it is possible that residues in the loop also contribute to specificity. However, this is not possible to evaluate in the current structural models due to the absence of the loop residues. It is possible that the cholesterol-degrading KshAs are unique in their preference for CoA thioesters.
Comparison of the KshA structures further identifies the entrance of the substrate-binding pocket, including the mouth loop as a major determinant of substrate specificity. The role of the mouth loop had been described in studies of chimeras of KshA1 and KshA5 (39) . Thus, the broad substrate preference of KshA5 was eliminated by substituting its mouth loop with that of KshA1. However, the chimeric enzyme did not possess KshA1's strong preference for 4-BNC. Moreover, reverse chimeras of KshA1 with the KshA5 loop or strands ␤14 -17, including the loop, did not possess KshA5's broader substrate preference, although both had decreased activity for 4-BNC. This indicates that the ␤-sheet and mouth loop are necessary but not sufficient for KshA5's broad substrate preference. This is consistent with other residues at the mouth entrance contributing to substrate specificity such as Tyr-245 and Phe-297 of KshA1. Interestingly, the corresponding residues are smaller in both KshA5 (Ser-251 and Gly-303) and KshA Mtb (Asn-244 and Gly-296), enzymes that prefer substrates with shorter and longer C17 side chains, respectively, suggesting that the role of these residues in determining substrate specificity depends on their context.
Metallocenters-The structures of the mononuclear iron and
Reiske cluster in each of the KshA structures is consistent with what has been reported in ROs in which the Rieske center is oxidized, such as OMO ox in the absence and presence of its substrate, oxoquinoline (21) . Of particular note is the configuration of the bridging acidic residue; in ROs in which the Rieske cluster is reduced, such as OMO red (21) and stachydrine demethylase (Stc2) (44) , the carboxylate bridges the ligands of the metallocenters. Nevertheless, it is unclear why the KshA Rieske clusters would be oxidized because the x-ray beam is expected to reduce the clusters (45) .
The position of the steroid C9 atom relative to the catalytic iron in both KshA1 and KshA Mtb substrate complexes is similar to that of the corresponding substrate atom, C8, in the OMO ox ⅐oxoquinoline complex (21) , although the atom to be hydroxylated is positioned 0.6 -0.8 Å closer to the iron in the two KshA complexes. The mononuclear iron shifts up to 0.8 Å away from the substrate-binding site in response to Rieske cluster reduction in OMO (21) and following substrate binding in CARDO (22) . It has been proposed that these shifts ensure that O 2 reactivity at the mononuclear iron site is gated by both substrate binding and FeS cluster reduction (21, 46, 47) . Importantly, the open site in the mononuclear iron's coordination sphere in the KshA1 and KshA Mtb complexes is appropriately positioned to enable the binding and activation of O 2 relative to C9 as has been proposed in other ROs (21, 23) .
Although the shifts in the mononuclear iron and its ligands are much greater in the KshA5⅐substrate complexes, they are similar in nature to those described above. Specifically, the shift in the mononuclear iron is ϳ4.4 Å in KshA5⅐ADD and KshA5⅐1,4-BNC-CoA, and the distance between the substrate carbon to be hydroxylated and the iron is ϳ2 Å greater than what has been observed in other ROs. This distance is likely too long for efficient hydroxylation at C9. It is possible that these structures represent a substrate-inhibited form of the enzyme. Nevertheless, the efficient coupling of O 2 activation with ADD and 4-estren-3,17-dione hydroxylation suggests that the C9 is positioned close to the activated oxygen intermediate. It therefore seems likely that further adjustment to the substrate and/or mononuclear iron position occurs subsequent to O 2 binding.
Conformational Flexibility-The structures of KshA5 in three states (Fig. 10 ) provide clear evidence that the mouth loop of KshA can exist in multiple conformations to sequester the active site from bulk solvent and to contribute to the specificity of the enzyme. The mouth loops in the KshA1 and KshA Mtb structures are disordered and are most similar to the open state observed in the KshA5⅐1,4-BNC-CoA complex. Moreover, their disorder is likely due to their ability to adopt multiple conformations, as captured in the KshA5 structures. Nevertheless, the conformations adopted by the loop likely reflect the substrate specificity of the parent KshA. For example, the mouth of the substrate pocket in KshA Mtb is very large but must accommodate a CoA thioester that extends into the solvent. In this respect, it is possible that KshA5 has unusual conformational flexibility, contributing not only to the enzyme's substrate specificity but also to its strong substrate inhibition, i.e. the conformational flexibility of the mouth loop might allow the binding of a second inhibitory substrate molecule to KshA5 at the entrance of the substrate-binding pocket.
It is unclear whether the entrance of the substrate-binding pocket of other ROs has the same conformational flexibility as the KshA mouth loop. As noted above, the substrate-binding pocket of KshA is "straight-in," in contrast to the pocket in other ROs, which has an elbow bend. Although the straight-in nature of the KshA pocket appears to be necessary to accommodate the 4-ringed substrate, the entrance of the substratebinding pocket of the other ROs occurs on a different surface of the enzyme with no homologous mouth loop. Structural studies of CARDO revealed that the substrate-binding pocket is closed in the presence of substrate due to shifts in residues of up to 3.3 Å (22, 48) , much less than the shifts in KshA. It is possible that the mouth loop provides a KshA-specific device to sequester the substrate from the solvent.
The shifts in the active site of KshA5 are a manifestation of the significant displacement of helices ␣4 and ␣5 (i.e. Ͼ4 Å), which harbor the iron ligands ( Fig. 11 ). By contrast, the ␤-sheet bearing many of the conserved substrate-binding residues shifts minimally. We cannot rule out that the displacement is a crystal packing artifact because helix ␣5 forms crystal contacts at its N and C termini. However, the concerted movement of the mouth loop and helices ␣5/␣4 suggest the observed conformational changes are biologically relevant. Movement of this type and magnitude has not been reported in any of the other 12 ROs structurally characterized to date. Moreover, displacement of these helices was not observed in KshA1 or KshA Mtb , and it remains to be seen whether this conformational change is unique to KshA5. Nevertheless, the high functionality of the KshA1/KshA5 chimeras (39) suggests that KshAs undergo similar conformational changes. More generally, our data suggest that conformational changes in the RO active site during the catalytic cycle may be larger than has been recognized.
The conformational space sampled by KshA5 is reminiscent of what has been reported in cytochrome P450 cam , a heme-dependent monooxygenase (49) . In P450 cam , an open conformation observed in the absence of substrate differs from the closed, substrate-bound state by a 5-6 Å displacement of two helices, F and G, and a 9 Å retraction of the FG loop connecting them at the opening of the substrate channel. The displacement of the helices in KshA5 and P450 cam are not entirely analogous. First, the KshA5 structure does not represent an open state that allows entry of the substrate to the active site. Second, the displaced helices of P450 cam do not harbor key active site residues, such as Thr-252 or the heme ligand Cys-357. As such, displacement of helices F and G in P450 cam does not implicate dramatic shifts in the catalytic machinery. Nevertheless, the observation of similar conformational mobility in two different classes of oxygenases suggests that it may be a general property of these types of enzymes.
By identifying the substrate-binding residues of KshAs and identifying determinants of specificity in KshA, this study provides a framework for engineering an important class of monooxygenases for biocatalytic applications (2, 39) . Further studies should also establish the occurrence and significance of helix displacement in ROs.
